INTRODUCTION

1.
Optical techniques have been used f o r i n -s i t u d e t e c t i o n o f most o f the important species i n combustion research (1). These methods, w i t h recent emphasis
on laser-based techniques, have the important p r o p e r t y o f being non-perturbing under many conditions, as w e l l as p r o v i d i n g high s e n s i t i v i t y w i t h e x c e l l e n t s p a t i a l and temporal r e s o l u t i o n . However, the hydrogen atom ( r a d i c a l ) , which plays a c r i t i c a l r o l e i n almost a l l combustion processes, has been conspicuously absent from t h e l i s t o f observed species, and t h e oxygen atom has been added t o t h e l i s t o n l y very r e c e n t l y (2) (3) (4) . This paper describes t h e detection o f atomic hydrogen (5) and oxygen (6) i n atmospheric-pressure flames using resonant multiphoton optogalvanic spectroscopy. Detection o f NO and (we believe) OH i s a l s o b r i e f l y discussed.
Resonant e x c i t a t i o n o r d e t e c t i o n o f hydrogen o r oxygen atoms r e q u i r e s r a d i a t i o n i n t h e vacuum-ultraviolet region o f t h e spectrum, and thus i s u s u a l l y incompatible w i t h combustion environments. The resonant multiphoton optogalvanic detection scheme described i n t h i s paper avoids these d i f f i c u l t i e s by e x c i t i n g the atoms w i t h resonant two-photon absorption using u l t r a v i o l e t r a d i a t i o n . The excited atoms are subsequently ionized by absorbing one more photon, and detected e l e c t r ic a l l y w i t h biased probes mounted i n o r near the flame. Throughout t h i s paper, the term optogalvanic e f f e c t w i l l be used i n a very general sense, r e f e r r i n g t o changes i n the e l e c t r i c a l p r o p e r t i e s o f a flame because o f photoioniz.ation, as w e l l as c o l l i s i o n a l i o n i z a t i o n from o p t i c a l l y populated states.
EXPERIMENTAL APPARATUS 11-
The two-photon e x c i t a t i o n was accomplished w i t h a s i n g l e l a s e r beam a t 226 nm f o r atomic oxygen, and w i t h two l a s e r beams a t 266 nm and 224 nm f o r atomic hydrogen ( t h e e x c i t a t i o n schemes are discussed i n more d e t a i l i n f o l l o w i n g sections). Tunable beams a t 224 nm (226 nm) were produced by pumping a Rhodamine 66 dye laser a t 567 nm (573 nm) w i t h t h e 532-nrn output o f a frequency-doubled Nd:YAG laser, frequency-doubling t h e dye laser, and f i n a l l y frequency-mixing t h e doubled dye beam w i t h the remaining Nd:YAG 1.06-pm i n f r a r e d output. For hydrogen e x c i t a t i o n , an a d d i t i o n a l l a s e r beam a t 266 nm was simultaneously produced by frequency-doubling the 532-nm beam from t h e same Nd:YAG laser, w i t h the remaining 532-nm beam used t o pump the dye l a s e r as described above.
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The apparatus used t o implement t h i s scheme f o r hydrogen d e t e c t i o n i s shown i n Fig. 1 . (The change t o oxygen detection i s accomplished simply by t u n i n g the dye laser t o 573 nm t o produce a UV beam a t 226 nm, without having t o change dyes o r doubling and mixing c r y s t a l s ; t h e 266-nm beam i s not used.)
The Molectron MY34-20 Nd:YAG l a s e r was operated w i t h an i n t r a c a v i t y etalon, produc'ng a 266-nm beam w i t h 1 up t o 50 mJ/pulse and a bandwidth o f about 0.001 nm (0.2 cm-). The 532-nm output o f t h e Nd:YAG l a s e r pumped a Quanta-Ray POL-1 dye l a s e r using Rhodamine 6G dye. The dye l a s e r could b scanned over l a r g e wavelength ranges w i t h a nominal bandwidth of f 0.01 nm (0.25 cm-) by removing the i n t r a c a v i t y e t a l o n and mechanically scanning the g r a t i n g angle. Narrowband operation o f t h e dye l a s e r w i t h i n t r a c a v i t y e t a l o n (nominal bandwidth o f 0.002 nm, o r 0.05 cm-l) r e q u i r e d pressure scanning t h e dye l a s e r o s c i l l a t o r , l i m i t i n g the scan range t o 0.3 nm w i t h n i t r o g e n as t h e scan gas. The dye l a s e r output was frequency-doubled and mixed w i t h t h e 1.06-km output of the Nd:YAG l a s e r by a Quanta-Ray WEX-1 wavelength extender. The r e s u l t i n g 224-nm beam was separated from t h e three c o l i n e a r longer-wavelength beams by a s e r i e s o f four Pellin-Broca prisms arranged t o e l i m i n a t e displacement o f t h e beam as t h e dye l a s e r was scan ed, t y p i c a l l y y i e l d i n g -0.5-mJ 224-nm pulses w i t h approximately 0.003-nm P (0.5-cm-) bandwidth when t h e dyf l a s e r was operated w i t h o u t i n t r a c a v i t y etalon, and approximately 0.0005-nm (0. l-cm-) bandwidth w i t h i n t r a c a v i t y etalon. The one o r two UV beams were focused i n t o t h e flame, t y p i c a l l y w i t h a 35-cm f o c a l length lens. The delay l i n e i n the 266-nm beam path was adjusted so the two UV pulses a r r i v e d a t the flame simultaneously. Unless stated otherwise, the measurements described i n the f o l l o w i n g sections were made w i t h premixed s t o i c h i o m e t r i c flames generated by a water-cooled porousp l u g f l a t -f l a m e burner. Argon was o f t e n used as a d i l u e n t t o avoid formation of NO. The laser-produced i o n i z a t i o n s i g n a l was c o l l e c t e d by s t a i n l e s s -s t e e l electrodes i n s e r t e d i n t o the flame, t y p i c a l l y biased a t 500-1000 V r e l a t i v e t o each other, and the r e s u l t i n g s i g n a l processed by f a s t a m p l i f i e r s before being d i g i t i z e d and stored i n a computer.
ATOMIC HYDROGEN 111---p
Hydrogen concentrations i n flames have p r e v i o u s l y been determined by two general schemes ( 7 ) . Gas samples obtained from flames by probe sampling techniques have been analyzed f o r hydrogen content, b u t these methods s u f f e r from p e r t u r b a t i o n s i n t h e flame caused by i n s e r t i o n o f t h e probe.
(The optogalvanic d e t e c t i o n scheme described here does r e q u i r e e l e c t r i c a l probes i n or near t h e flame, b u t they can be located w e l l away from t h e sampling volume defined by the l a s e r beams.) Hydrogen concentration can be i n f e r r e d from measurements o f other species i n the flame, b u t t h i s r e q u i r e s d e t a i l e d modeling o f t h e flame chemistry. These l i m i t a t i o n s and t h e importance o f the hydrogen r a d i c a l i n combustion give very strong m o t i v a t i o n f o r the development of a direct optical technique for measuring hydrogen concentration in flames.
Optical detection of atomic hydrogen in any environment is made difficult by the large 10-eV gap between the IS ground state and the n=2 excited state (neardegenerate 2S1/2, 2P and 2P3/2 levels), as shown in Fig. 2 . Raman scattering techniques are ~mpra%;al because of the lack of suitable structure in the ground electronic state. Atomic resonance absorption spectroscopy is suitable for low pressure environments, and has been used in shock tube studies (8), but has many undesirable features for use in combustion environments, not the least of which is the required use of radiation at 122 nm in the vacuum ultraviolet. Previous to the work described in this paper, multiphoton excitation followed by fluorescence (9, The multiphoton optogalvanic detection scheme used for atomic hydrogen is shown in Fig. 2 (11) . Excitation from the n=l ground state to the n=2 excited state requires simultaneous absorption of one photon from each of the 224-nm and 266-nm laser beams. One photon from either beam then has sufficient energy to photoionize the n=2 state. This method provides greater spatial resolution than singlewavelength excitation using one beam at 243 nm, since it can be used in a crossedbeam configuration, and the relatively higher power beam produced at 266 nm provides greater two-photon excitation and ionization rates. Furthermore, since the twophoton excitation rate is proportional to the product of the two beam intensities, while the photoionization rate is roughly proportional to their sum, it is possible to control the excitation and ionization rates independently. The beam intensities can thus be adjusted to limit depletion of the hydrogen ground state to avoid laser-induced chemistry effects, while still permitting nearly complete photoionization of the excited state to minimize quenching corrections.
The quality of the spectra obtainable with this method is illustrated in Fig. 3 . This spectrum, plotted as a function of the dye laser wavelength (upconverted to a scan from 223.6-224.0 nm), was recorded at the base of a hydrogen/oxygen flame with argon shroud flow, averaging 20 laser shots per displayed data point without any form of normalization. The dashed curve visible in a few places is a least-squares fit of the experimental spectrum to a Lorentzian profile. The fit indicates that homogeneous (Lorentzian) contributions to the linewidth ' dominated inhomogeneous (Gaussian) contributions (primarily laser l inewidth and the indicated Doppler width calculated at the flame temperature). The homogeneous contribution is from a decrease in the lifetime of the 2s state because of rapid photoionization, as well as from pressure broadening. 
band, a l s o followed by single-photon i o n i z a t i o n .
1
H Doppler width
The i d e n t i f i c a t i o n o f t h i s s t r u c t u r e as being from OH i s supported by t h e s e r i e s o f scans p l o t t e d i n Fig. 5 a t the i n d i c a t e d heights above t h e base o f a hydrogen/oxygen flame w i t h argon shroud flow, using a very s l i g h t l y curved burner t o make i t p o s s i b l e f o r t h e l a s e r beams t o cross extremely c l o s e t o t h e burner surface (0.0 m). The v e r t i c a l scales o f t h e p l o t s were expanded w i t h t h e i n d i c a t e d gains so t h e amplitude o f t h e hydrogen s i g n a l s appear i d e n t i c a l ( t h e hydrogen concentrat i o n f a l l s o f f r a p i d l y above t h e burner surface).
The amplitude o f t h e o t h e r s t r u c t u r e roughly t r a c k s t h e amplitude o f t h e hydrogen signal, suggesting t h a t i t i s from another r a d i c a l d i r e c t l y t i e d i n t o t h e chemistry o f t h e hydrogen/oxygen flame. ( I t s amplitude i s r e l a t i v e l y smaller compared t o t h e hydrogen s i g n a l near t h e cooled burper surface since atomic hydrogen d i f f u s e s more r a p i d l y t o t h e surface than other flame species.)
OH appears t o be t h e o n l y r a d i c a l w i t h appropriate e l e c t r o n i c t r a n s i t i o n s t h a t would be present i n s u f f i c i e n t q u a n t i t y i n a hydrogen/oxygen flame t o produce mu1,tiphoton optogalvanic s i g n a l s o f t h i s strength. 
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argon flame. The c e n t r a l peak i n the t o p scan i s t h e atomic hydrogen resonance. 
o r t i o n o f t h e NO spectrum i s displayed because t h e e x c i t a t i o n wavelength range o f 223.6-224.0 nm i s i d e n t i c a l t o t h a t produced by the 566.12-567.32 nm dye l a s e r scan range p l o t t e d i n previous figures. These s p e c t r a l features are very strong because they are produced by single-photon e x c i t a t i o n o f NO i n the A+X band, followed by single-photon photoionization, as p r e v i o u s l y observed i n a flame i n the s p e c t r a l range 270-317 nm (15). This f i g u r e i n d i c a t e s t h a t the v i b r a t i o n a l -r o t a t i o n a l s t r u c t u r e o f NO may be very u s e f u l f o r flame thermometry, as suggested i n a study o f N O i n flames using two-photon resonant, four-photon i o n i z a t i o n d e t e c t i o n (16)
.
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hydrogen/air flame (bottom).
The e f f e c t o f these strong resonances on hydrogen spectra recorded i n flames w i t h a i r as an oxidant i s demonstrated i n Fig. 7 . This f i g u r e shows a s e r i e s of scans ov.er a s l i g h t l y l a r g e r wavelength i n t e r v a l recorded i n a s t o i c h i o m e t r i c hydrogen/air flame produced by a s l o t burner, w i t h the laser beams focused a t the i n d i c a t e d heights above the burner. As t h e flame gases proceed upward from the burner, t h e atomic hydrogen peak around the v e r t i c a l dashed l i n e disappears because o f r a d i c a l recombination a t the same time t h a t the NO concentration increases, i n c o n t r a s t t o the behavior o f the r e l a t i v e amplitudes o f the s i g n a l s i n 
GW/cm combined w i t h t h e 7.5~10-cm p h o t o i o n i z a t i o n c r o S sec i o n o f the hydrogen 2s l e v e l (11) y i e l d s a p h o t o i o n i z a t i o n r a t e o f l . l x 1 0 3 secmf, comparable t o t h e gas-kinetic c o l l i s i o n r a t e i n t h e flame.
Since r e l a t i v e l y few c o l l i s i o n s would be able t o supply the 3.
eV necessary t o i o n i z e t h e 2s level, i t i s evident t h a t p h o t o i o n i z a t i o n i s t h e dominant mechanism i n t h e c u r r e n t experiment. These estimates a l s o i n d i c a t e t h a t i t may be possible t o approach 100% i o n i z a t i o n e f f i c i e n c y from t h e 2s l e v e l , thus minimizing t h e need f o r c o r r e c t i o n s due t o c o l l i s i o n a l quenching.
IV. ATOMIC OXYGEN ------
U)
Measurement o f atomic oxygen concentrations i n flames i s complicated by the same f a c t o r s t h a t make d e t e c t i o n o f hydrogen atoms so d i f f i c u l t . As i n t h e case o f
hydrogen, oxygen concentrations i n flames have a l s o been measured p r i m a r i l y w i t h sampling techniques, and i n f e r r e d from measurements o f other species i n flames (7).
Conventional o p t i c a l d e t e c t i o n i s again d i f f i c u l t because o f t h e 10-eV gap between
the ground s t a t e and t h e f i r s t equal-spin excited s t a t e (see Fig. 8 ). I n t r a c a v i t y absorption spectroscopy (17) and two-photon laser-induced fluorescence d e t e c t i o n (18) o f atomic oxygen have been demonstrated i n low-pressure c e l l s , and t h e l a t t e r has r e c e n t l y been extended t o flame studies (4). Atomic oxygen has a l s o been detected i n flames using spontaneous Raman s c a t t e r i n g ( 2 ) and oherent anti-Stokes 5 Raman s c a t t e r i n g (3) w i t h i n t h e f i n e s t r u c t u r e o f the ground 2 P state. The multiphoton optogalvanic d e t e c t i o n scheme used f o r atomic oxygen i s shown i n Fig. 8 . The l a r g e r separation between t h e 2P and 3P s t a t e s (compared t o t h e hydrogen 1s and 2s s t a t e s ) made i t d i f f i c u l t t o use the Nd:YAG l a s e r f o u r t h harmonic as one o f t h e wavelengths f o r two-photon e x c i t a t i o n , since t h i s would r e q u i r e a tunable beam a t 196 nm. The single-wavelength scheme shown w i t h 226-nm r a d i a t i o n was used instead, w i t h some l o s s o f s p a t i a l r e s o l u t i o n and e x c i t a t i o n and i o n i z a t i o n rates. Very f o r t u i t o u s l y , t h i s scheme o n l y r e q u i r e d changing t h e 567-nm dye laser wavelength used f o r t h e hydrogen d e t e c t i o n t o 573 nm, without t h e need f o r changing any dyes o r doubling/mixing c r y s t a l s . Figure 9 shows spectra recorded w h i l e scanning the laser across the 2P-3P t r a n s i t i o n i n t h e i n d i c a t e d flames. Each o f t h e 500 p o i n t s i n t h e scans were averaged from 20 consecutive laser shots without any form o f normalization. Tne t h r e e peaks i n the top spectrum are (from 1 f t t o r i g h t ) t r a n s i t i o n s fr m the J=2,
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J=1, and J=O f i n e -s t r u c t u r e l e v e l s o f t h e 2 P s t a t e t o the unresolved 3 P state. Atoms o r molecules w i t h dipole-allowed t r a n s i t i o n s i n the vacuum u l t r a v i o l e t can be probed w i t h v i s i b l e o r u l t r a v i o l e t r a d i a t i o n , g r e a t l y s i m p l i f y i n g d i f f i c u l t i e s w i t h l a s e r sources, windows, atmospheric absorption, etc. The l a s e r beams used f o r the e x c i t a t i o n are n o t s t r o n g l y absorbed by t h e species being studied, so r e l a t i v e l y dense media can be probed without any d i f f i c u l t i e s w i t h o p t i c a l depth or resonance trapping. Two-photon e x c i t a t i o n w i t h two d i s t i n c t wavelengths provides e x c e l l e n t s p a t i a l r e s o l u t i o n , determined by the common f o c a l volume o f t h e two beams. ( E x c i t a t i o n w i t h a s i n g l e wavelength s t i l l provides some s p a t i a l r e s o l u t i o n along the beam, since the e x c i t a t i o n r a t e i s p r o p o r t i o n a l t o the square o f t h e l a s e r i n t e n s i t y , and occurs p r i m a r i l y i n t h e f o c a l volume o f t h e beam.) A temporal r e s o l u t i o n o f -5 ns i s a consequence o f the use o f a Q-switched Nd:YAG laser.
Several methods can be used t o overcome interferences t h a t may mask t h e desired species-selected i o n i z a t i o n signal.
Except f o r the r e s t r i c t i o n t h a t t h e sum o f the two photon energies equals t h e two-photon resonance, t h e two wavelengths can be chosen f r e e l y t o avoid interferences from other species. For some probe configurations, i t may prove p o s s i b l e t o use the time dependence o f the optogalvanic signal t o provide a t i m e -o f -f l i g h t mass spectrometer t o d i s c r i m i n a t e against interferences (19); t h i s method has perhaps the most promise f o r atomic hydrogen, which has a very h i g h m o b i l i t y because o f i t s l i g h t mass. Perhaps t h e most severe form o f i n t e r f e rence i s when a molecule i s ionized a l l along one o f t h e l a s e r beams, (e.g. f o r O H o r NO as described i n t h e sections above). For a crossed-beam c o n f i g u r a t i o n such as t h a t used f o r atomic hydrogen, a segmented c o l l e c t i o n electrode can be used t o d i s c r i m i n a t e against t h i s form o f background. W e have used a three-segment electrode w i t h a l l t h r e e segments biased t o the same voltage, b u t w i t h the s i g n a l c o l l e c t e d o n l y from the short center segment placed between two longer segments. The hydrogen spectra shown i n Fig. 10 were recorded under i d e n t i c a l conditions i n a hydrogen/oxygen/argon flame, b u t w i t h the s i g n a l c o l l e c t e d o n l y from the center electrode i n the top scan, and c o l l e c t e d from a l l t h r e e segments ( a c t i n g as a s i n g l e electrode) i n the bottom scan; t h e d i s c r i m i n a t i o n against background i o n i z a t i o n w i t h t h i s method i s evident i n the reduced noise and wavelength-independent background. The h i g h s i g n a l -c o l l e c t i o n e f f i c i e n c y possible w i t h i o n i z a t i o n d e t e c t i o n has made multiphoton i o n i z a t i o n spectroscopy i n general an extremely s e n s i t i v e t o o l (21). The atomic hydrogen and oxygen d e t e c t i o n l i m i t s were n o t d i r e c t l y measured i n these p r e l i m i n a r y experiments, b u t t h e strong s i g n a l s obtained i n post-flame gases a t 1500 K i n d i c a t e a s e n s i t i v i t y o f a few p a r t s per m i l l i o n f o r some flames. S i m i l a r s e n s i t i v i t y i s estimated f o r atomic hydrogen using two-photon-excited fluorescence d e t e c t i o n (14). For atomic oxygen, our estimated s e n s i t i v i t y i s s u b s t a n t i a l l y greater than t h a t estimated f o r the Raman techniques (2,3) o r two-photon e x c i t a t i o n followed by fluorescence d e t e c t i o n (4).
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